INTRODUCTION
The sustainable development of society requires the use of safe and renewable resources. Much attention has been paid to applying both chemical and enzymatic processes to convert biomass to commodity chemicals and clean fuels, i.e., biorefinery 1, 2) . Glycerol (1,2,3-propanetriol) can be produced from biomass (e.g., vesitable oils, animal fats) via the hydrolysis or methanolysis of triglycerides. Owing to the increase in biodiesel production, the production of glycerol has increased significantly. As a result, its price has fallen 3) and it has become a promising and abundant carbon source for industrial microbiology 4) . The synthesis of unnatural or rare ketoses such as D-ribulose, D-xylulose, D-psicose, D-tagatose, or L-sugars is important because they are precursors of synthetic oligosaccharides, amino sugars, and glycosides 5) . One such ketose, D-xylulose, is an important intermediate in several prokaryotic and eukaryotic metabolic pathways, and can be produced from D-arabitol [6] [7] [8] , D-xylose 9, 10) , and D-glucose 11) using microbial or enzymatic methods. However, little is known about the production of D-xylulose from other feedstocks.
We present a method for producing D-xylulose from glycerol in a two-step reaction involving two microbial conversions. The first reaction is the microbial production of D-arabitol from glycerol by a yeast strain. In the second reaction, D-arabitol is converted to D-xylulose by a strain of acetic acid bacteria ( 1) . To the best of our knowledge, this is the first report of D-xylulose production from glycerol.
EXPERIMENTAL

1
D-(+)-Arabitol and D-xylulose (approx. 95%) were purchased from MP Biomedicals and Sigma-Aldrich, respectively. Other chemicals used were of the highest purity commercially available (i.e., 98-100%; Sigma-Aldrich, Kanto Chemical, Wako Pure Chemical, Nacalai Tesque).
2
High-performance liquid chromatography (HPLC) analysis was performed with an HPLC system consisting of an LC-20AD HPLC pump (flow rate: 1.0 mL/min) and RID-10A detector (Shimadzu) equipped with a Shodex ® SC1011 column (Showa Denko). A mobile phase of pure water was chosen as the eluent. During the analysis, the column temperature was maintained at 80˚C.
Structural confirmation of the obtained D-xylulose dissolved in deuterium oxide (D 2 O) was conducted by 1 H and 13 C NMR analysis using a Varian INOVA 400 (400 MHz). Specific rotations were measured using a JASCO Digital Polarimeter DIP-370 for aqueous solution.
3
Glycerol-assimilating microorganisms from our culture collection [12] [13] [14] were investigated for their ability to produce D-arabitol from glycerol by incubating each for 4 days in 1 mL glycerol medium (pH6. 
4
Genomic DNA was isolated from strain 25N-2B according to the method of Marmur 15) with some modifications. The partial 26S rDNA-D1/D2 region was amplified by polymerase chain reaction (PCR) using previously reported primers 16) . The amplified 26S rRNA gene was used as a sequencing template, and the nucleotide sequences were determined using an ABI PRISM 3100 Genetic Analyzer System (Applied Biosystems). The obtained nucleotide sequences were analyzed for homology using GENETYX ® (ver. 8; GENETYX), BLASTN, or BLASTX 17) . Multiple alignments were performed using CLUSTAL W 18) . The phylogenetic tree was produced using MEGA ver. 3.1 18) . The morphological, physiological, and biochemical properties were investigated following the methods of Barnett et al. 19) and Kurtzmann and Fell 20) .
5
Candida parapsilosis 25 -2 1369 -Candida parapsilosis NBRC1369, which is a type strain of C. parapsilosis, was obtained from NITE. Both 25N-2B and NBRC1369 were precultivated in 5 mL YM medium at 30˚C for 48 h, and seed cultures (1.5 mL) were transferred to glycerol medium (30 mL) in 300-mL Erlenmeyer flasks and incubated at 30˚C on a rotary shaker at 200 rpm for 6 days. After removing cells, the respective supernatants were analyzed by HPLC.
6 -
C. parapsilosis 25N-2B was precultivated in 5 mL YM medium at 30˚C for 48 h, and the seed cultures (1.5 mL) were transferred to the respective experimental media (30 mL) in 300-mL Erlenmeyer flasks (as shown below) and incubated at 30˚C on a rotary shaker at 200 rpm for 6 days. After removing cells by centrifugation, the respective supernatants were analyzed by HPLC.
The effect of initial glycerol concentration was examined as follows: Seed cultures were transferred to 30 mL medium (pH6. 
7
First, C. parapsilosis 25N-2B was used to produce D-arabitol from glycerol in a 1-liter jar fermentor (Model MDL; B.E. Marubishi). The yeast strain was cultivated for 2 days (30˚C, 200 rpm) in five test tubes, each containing 5 mL YM medium (total 25 mL culture). All seed cultures were transferred to a 1-liter jar fermentor containing 500 mL medium (pH6.5) consisting of 170 g/L glycerol, 9 g/L peptone, 1 g/L yeast extract, 0.9 g/L KH 2 PO 4 , 0.1 g/L K 2 HPO 4 , and 1 g/L MgSO 4 ·7H 2 O, and incubated for 6 days. During jar fermentor experiments, the aeration rate and agitation speed were set to 1.0 vvm and 500 rpm, respectively. The temperature was maintained at 30 1˚C. After cultivation, the C. parapsilosis culture was removed from the jar fermentor, and the yeast cells were removed by spontaneous sedimentation. About 500 mL supernatant was added to 10 g polypepton and then sterilized in the same jar fermentor. Seed cultures of G. oxydans NBRC3293, which were precultivated for 2 days (30˚C, 200 rpm) in five test tubes (each containing 5 mL basal medium for a total 25 mL culture), were transferred to the jar fermentor and incubated for 48 h.
8
The G. oxydans cells were centrifuged, and the supernatant was filtrated and concentrated by evaporation under reduced pressure at 60˚C to a volume of 90 mL. D-Xylulose was separated from 10 mL concentrated culture broth by ligand exchange chromatography on a Ca + -loaded Diaion ® UBK525 (Mitsubishi Chemical Co.) in a column ( 2 x 100 cm). Chromatography was performed at room temperature at a flow rate of approximately 0.8 mL/min, with distilled water as the eluent. The eluate was fractionated into 5 mL fractions, and monitored by HPLC as described above. Fractions containing D-xylulose were concentrated by evaporation, and the resultant D-xylulose product was obtained as a light yellow syrup.
RESULTS AND DISCUSSION
1
25 -2 To date, we screened many glycerol-using microorganisms that produce useful chemicals from environmental samples and various culture collections [12] [13] [14] . Over the course of such studies, we isolated yeast strain 25N-2B, which produces D-arabitol from glycerol, and analyzed the 26S rRNA gene sequence of the strain.
shows the phylogenetic tree constructed using the D1/D2 region of 26S rRNA genes from strain 25N-2B and related strains. The sequence of strain 25N-2B exhibited 100% identity (570/570) with Candida parapsilosis NRRLY-12969 T . We characterized the strain using morphological, physiological, biochemical, and phylogenetic analyses. An optical micrograph of the strain 25N-2B grown on YM agar medium at 25˚C for 6 days is shown in . The cells were oval, (3-10) ◊ (2.5-5) µm in size, and grew via polar budding. The pseudomycelium was developed, and no sexual reproduction was observed within 30 days. In addition to glucose and glycerol, strain 25N-2B assimilated galactose, maltose, sucrose, trehalose, melezitose, and L-arabinose but not cellobiose, raffinose, or soluble starch. These and other physiological properties of the strain coincided well with those observed for C. parapsilosis. Based on these results, we identified strain 25N-2B as C. parapsilosis.
The microbial production of polyols such as glycerol, ribitol, erythritol, xylitol, D-arabitol, and D-mannitol by fungi has been studied extensively since 1960, and Candida sp. are known to be suitable for D-arabitol production 21, 22) . Glycerol is a useful substrate for polyol production by Candida polymorpha and several other yeast strains 23) . However, although C. parapsilosis, was reported to produce 70.7 g/L D-arabitol from 150 g/L glucose (Japanese Patent Application P2002-191388A, Towakasei Co., 2000), its ability to produce D-arabitol from glycerol has not been investigated. Hence, we compared the ability of C. parapsilosis 25N-2B and C. parapsilosis NBRC1369 (a type strain of C. parapsilosis) to produce D-arabitol from glycerol. Under the culture conditions described, C. parapsilosis NBRC1369 did not produce D-arabitol from glycerol within 6 days, whereas 25N-2B produced 15.5 2.2 g/L D-arabitol.
2 -
The effect of initial glycerol concentration on D-arabitol production was investigated using strain 25N-2B. D-Arabitol concentration in the culture reached a maximum (22.3 g/L) after adding 150 g/L glycerol ( ). Therefore, 150 g/L glycerol was used in the following experiments. The effects of different types and amounts of nitrogen sources on D-arabitol production were investigated. illustrates D-arabitol production according to nitrogen source. Adding peptone led to the highest yields of D-arabitol, which was maximized (at 40.5 g/L) at a concentration of 10 g/Lpeptone (
). This productivity is comparable to that of previously reported strains 23) . Next, we investigated the effect of calcium on D-arabitol production; however, a positive effect was not observed over a range of 0.5 to 8 g/L CaCl 596 (data not shown). Although there are previous reports of D-arabitol production from glucose and glycerol by various yeasts, by-products such as other polyols were concomitantly produced 23) . Notably, strain 25N-2B produced only D-arabitol from glycerol without the formation of any other polyols. 
CONCLUSION
In summary, we developed a method for the production of a rare ketose, D-xylulose, from glycerol in a two-step
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J. Oleo Sci. 58, (11) 595-600 (2009) reaction using C. parapsilosis and G. oxydans. The screening of microorganisms for more efficient conversion of higher concentration of glycerol into D-arabitol will be necessary to increase the total productivity of D-xylulose. The use of such microorganisms will make the mass production of D-xylulose feasible.
